Biofuels became more promising alternative to the fossil fuels because of the depletion of fossil resources, renewability, environmental benefits, and energy security. Ethanolysis of waste cooking oil with hexane as co-solvent was carried out for the production of fatty acid ethyl ester (FAEE). This process reduced the severity of process parameters with high purity biodiesel yield. Process variables such as co-solvent ratio, ethanol to oil molar ratio, reaction temperature and reaction time were optimized. The maximum biodiesel yield of 88% was obtained at ethanol/oil molar ratio of 40:1, co-solvent (hexane) to oil ratio of 0.2% (v/v), reaction temperature of 300˚C in 20 min of reaction time. Fatty acid ethyl ester (biodiesel) samples produced from this process were measured and evaluated using GC-MS analytical instrument. Thermo gravimetric analysis (TGA) was also performed to examine the thermal stability of waste cooking oil, ethyl esters and fuel blends. Fuel properties of ethyl esters were determined and compared with the ASTM standards for biodiesel, regular diesel and ethyl esters from different feedstock.
Introduction
The depletion of fossil fuels, increasing demand for energy due to rapid development and environmental problems raised by the use of fossil fuels are the main problems for the developing and developed countries. Due to limited amounts of fossil fuels and concerns about global warming, there is an increasing urge to develop more renewable energy sources. Biodiesel is one of the promising alternatives that can replace a part of the transporta-tion fuels. Biodiesel produces lower emissions compared to that of regular petroleum-based fuels. Replacement of regular diesel fuel with biodiesel can reduce emissions such as SO x , CO, particulate matter and hydrocarbons in the exhaust gas [1] . Biodiesel is a nontoxic, renewable, biodegradable, and eco-friendly fuel than can be produced from a wide range of feedstock including vegetable oils, animal fats, oil seed plants, microalgae and different other renewable sources [2] [3] .
Edible vegetable oils are potential feedstock which accounts for 95% of the world's biodiesel production [4] . But the usage of the edible vegetable oils for biodiesel production may directly impact the rise in the food prices. In this point of view, waste cooking oil or waste frying oil can serve as a potential feedstock for the production of biodiesel. This readily available and cheap waste cooking oil can be obtained anywhere around the world. According to environmental protection agency (EPA), hotels and restaurants produce around 3 billion gallons of waste cooking oil per year in the United States [5] . The amount of waste cooking oil collected in Europe is estimated around 700,000 -1,000,000 tons/year [6] . The disposal of these large amounts of waste oils is a serious problem in many countries around the world. Considering the environmental impact on the disposal of waste cooking oils, many developed countries have set policies to penalize the disposal of waste cooking oil to the waste drainage [7] . These problems can be solved by using these waste oils as fuels by converting them into biodiesel.
Different methods can be implemented to produce biodiesel from waste cooking oil. Transesterification is one of the simplest process in which the triglycerides present in the vegetable oils chemically react with alcohol (solvent) to produce alkyl esters and glycerol with or without the aid of catalyst. Ethanol has some good properties such as high dissolving power for oils, high heat content and more over can be produced from agricultural resources. So, this can be utilized as a solvent for the transesterification process. Based on the type of catalyst used in the process, transesterification is categorized into alkali, acid and enzyme catalytic processes. All these processes have their limitations and challenges. Transesterification can also be done without the aid of catalyst at supercritical alcohol region [8] - [10] . This is a high energy consuming process because it involves high temperature and pressures.
In the production of biodiesel, reducing the mass transfer between the oil and solvent is very important as it increases the reaction rate of the transesterification process [11] . Addition of co-solvent into the reaction mixture changes the two-phase system to a single phase and increases the mass transfer between reactants [12] . The introduction of co-solvents like hexane, carbon dioxide, and calcium oxide to the reaction mixture decreases the severity of the reaction parameters and can make this process viable for large-scale industrial applications [13] . The addition of co-solvents can reduce the molar ratio of alcohol to oil for transesterification reactions and simultaneously decrease the critical point of alcohol and allow the supercritical reactions to be carried out at milder temperatures [14] .
In the present study, waste cooking oil has been transesterified to produce ethyl esters (biodiesel) with ethanol as a solvent and hexane as co-solvent. Different process parameters such as co-solvent to oil ratio, ethanol to oil ratio, reaction temperature and reaction time were optimized. The thermal stability of the ethyl esters produced and fuel blends (B100, B80, B40, and B10) was tested using thermo gravimetric analyzer. Gas chromatography was used to analyze the ethyl esters and was compared with ethyl esters produced from different feedstock. The fuel properties were determined and were compared with ASTM biodiesel standards.
Experimental

Materials and Methods
Waste cooking oil was obtained from a local restaurant in Las Cruces, NM. Absolute ethanol was procured from Pharmaco-AAPER and commercial alcohols, Brookfield, CT. HPLC grade n-hexane and aniline were obtained from Acros organics, New Jersey. The supercritical ethanol process was carried out in the PARR 4593 Micro reactor with a 4843-controller (Parr Instrument Company, Illinois, USA). The Instrument can be operated up to 350˚C and 120 bars. The experimental protocol by patil et al., [15] was used as the experimental procedure for transesterification of waste cooking oils using hexane as co-solvent in this work and all the experiments were done in three replicates.
Transesterification Mechanism
Transesterification of triglycerides/oils to yield ethyl ester at supercritical condition is shown in Figure 1 . In the supercritical state, depending on pressure and temperature, the intermolecular hydrogen bonding in the ethanol molecule will be significantly decreased. As a result, the polarity and dielectric constant of ethanol are reduced allowing it to act as a free monomer. Subsequently, ethanol at supercritical conditions can solvate the non-polar triglycerides to form a single phase of vegetable oil/ethanol mixture and yield fatty acid ethyl ester and diglycerides. In a similar way, diglyceride is transesterified to form ethyl ester and monoglyceride, which is converted further to ethyl ester and glycerol in the last step.
Analytical Methods
The ethyl ester samples were analyzed by a GC-MS system incorporated with an Agilent 5975 C MSD (TripleAxis Detector) and an Agilent 7890 A GC equipped with a capillary column (HP-5 MS, 5% phenyl methyl silox 30 m × 250 μm × 0.25 μm nominal). Approximately, 1 μL sample was injected into the GC. Helium was used as the carrier gas. The injection was performed in split mode (20:1). The parameters of the oven temperature program consist of: start at 50˚C with 10˚C/min intervals up to 220˚C (1 min) and up to 250˚C with 5˚C/min intervals (2 min). The temperatures of the injector and detector were set at 250˚C. Thermogravimetric analysis (TGA) of waste cooking oil, ethyl esters (FAEE) and fuel blends was performed using Perkin Elmer Pyris 1 TGA. The samples were heated from 25˚C to 950˚C at constant heating rate of 10˚C/min in an atmosphere of nitrogen at a constant purge rate of 20 mL/min at the pan.
Results and Discussion
Effect of Co-Solvent on Ethyl Ester Yield
Hexane was added into the reactant mixture to enhance the formation of a single phase between ethanol and oil and to accelerate the reaction rate at the supercritical condition [15] . Addition of co-solvent into the reaction mixture changes the two phase system to a single phase system. This increases the mass transfer in the reaction mixture and therefore the production of ethyl esters will be intensified [12] . The effect of co-solvent on the production of ethyl esters was studied at 40:1 ethanol to oil ratio, 300˚C temperature, pressure above 80 bars and co-solvent to oil ratios ranging from 0 to 0.3 (v/v). As shown in Figure 2 , waste cooking oil ethyl ester yield (WEE) was 66% without hexane and increased to 77% at a co-solvent ratio of 0.05 (v/v) and 89% at 0.2 (v/v) co-solvent ratio respectively. The maximum ester yield of 88% was obtained for the waste cooking oil (WEE) at a co-solvent ratio of 0.2 (v/v). Further increase in the co-solvent did not have any significant effect on the ester yield. It indicates that the addition of a little amount of hexane could increase the yield substantially. From previous study, it was observed that with the increment of hexane to ethanol ratio could reduce the severe optimum operating condition of supercritical ethanol (SCE) drastically [15] . Considering these parameters, it is obvious to conclude that hexane as co-solvent has a high potential to be used in the supercritical alcohol technology. Pressure above 80 bar and optimum co-solvent to oil ratio of 0.2 (v/v) was taken for studying other process parameters including ethanol to oil molar ratio, reaction temperature and reaction time.
Effect of Ethanol to Oil Molar Ratio on Ethyl Ester Yield
Ethanol to oil molar ratio is one of the important parameters that influences the ethyl ester yield. A higher molar ratio is required to drive the reaction toward completion at a faster rate and shift the equilibrium towards the product side in non-catalytic supercritical alcohol condition [16] . The experiments were conducted by varying the ethanol to oil malar ratios between 25:1 and 55:1 by maintaining the temperature at 300˚C for 20 min of reaction time. Figure 3 shows that the ester yield increased with increasing ethanol to oil molar ratio due to increased contact area between ethanol and oil and increased mutual solubility in the presence of co-solvent. With the strong affinity of ethanol for dissolving oils, maximum WEE yield was obtained at ethanol to oil molar ratio of 40:1. At higher levels, an excess ethanol started to interfere with the glycerin separation due to increased solubility, which resulted in lower biodiesel yields [17] . Similar results were shown for the supercritical methanol transesterification cottonseed oil with higher yields [18] . This might be due to ethanol having better solvent properties, forms an emulsion after the transesterification reaction which reduces the biodiesel yield in SCE process after separation [19] .
Effect of Reaction Temperature on Ethyl Ester Yield
The effect of reaction temperature on ester yield was studied at different temperatures varied from 245˚C to 320˚C with ethanol to oil ratio for waste cooking oil, co-solvent (hexane) to oil ratio of 0.2 (v/v), and the reaction pressure of 80 bar for 20 min of reaction time. Figure 4 shows the influence of reaction temperature on ethyl ester yield at supercritical ethanol conditions. As shown in Figure 4 , at low reaction temperature, the yield was found to be low and increased rapidly as reaction temperature increased. It was observed that increasing the reaction temperature, especially at the supercritical condition, has favored the biodiesel yield [20] . Maximum ethyl ester yield of 88% for waste cooking oil was obtained at 300˚C (±5˚C) and started decreasing gradually at high temperatures due to the decomposition of ethyl esters above 300˚C.
Effect of Reaction Time on Ethyl Ester Yield
Reaction time plays a crucial role in ethyl ester production as it can influence the productivity and economic consideration. Transesterification experiments for waste cooking oil were carried out at a constant agitation reaction pressure of 80 bar. Figure 5 shows that the ester yield was increased from 73% to around 88% for waste cooking oil in the time interval of 5 min to 20 min. For supercritical ethanol transesterification, 20 min of reaction time are sufficient to achieve maximum yield of ethyl esters for waste cooking oils. Extending the reaction period in supercritical ethanol reaction will not affect the yield significantly due to inferior reactivity of ethanol and lower optimum temperature. 
Analysis of Ethyl Esters
Thermogravimetric Analysis
The viscosity and the volatilization temperatures of the oils should be reduced in order to use them as fuels. Thermogravimetric analysis is a quick, easy and useful technique to measure the onset volatilization temperatures of oils and ethyl esters [21] [22] . Figure 6 shows the Thermogravimetric (TG) curves of waste cooking oil and ethyl esters compared to diesel fuel blends. Different ethyl ester-diesel fuel blends such as B100 (100% ethyl esters), B80 (80% ethyl esters blended with 20% petroleum diesel fuel), B40 (40% ethyl esters blended with 60% petroleum diesel fuel) and B10 (10% ethyl esters blended with 90% petroleum diesel fuel) were analyzed for the thermal stability. From the TG curves, the volatilization of waste cooking oil, waste cooking oil ethyl esters and fuel blends started at around 350˚C, 140˚C -150˚C and 90˚C -140˚C respectively. This can be observed by the initial weight loss of the samples in the Figure 6 . High viscosity and molecular tension produced by bulky triglyceride molecule in the oil samples could be the reason for slow degradation process and thermal stability for the waste cooking oil [23] . The temperature difference between the oil and esters for thermal degradation shows the extent of the transesterification done during the process. Hence, the supercritical transesterification is a suitable way to convert the vegetable oils into potential alternatives for diesel fuel.
Gas Chromatography-Mass Spectrometry
The fatty acid ethyl ester composition in the waste cooking oil after the transesterification was compared with the previous studies and was shown in Table 1 [3] [24] . Table 1 shows the fatty acid ethyl ester composition of camelina ethyl ester (CEE), palm oil ethyl ester (PEE) and waste cooking ethyl esters (WEE). The major fatty acid ethyl esters found in CEE were reported as C18:1, C18:2, C18:3 and C20:1. Whereas WEE has mostly C16:0, C18:1, and C18:2. From the table, the PEE has around 50% of saturated and 50% of unsaturated ethyl esters of total FAEE which exhibits poor pour point properties. This can be solved by blending the PEE with diesel fuel or by adding pour point depressants [24] . The total percentage of unsaturated ethyl esters contributed to around 85% in CEE and 82% in WEE of total FAEE which favors the pour and cloud point properties of ethyl esters produced, but has adverse influence on several fuel properties such as oxidation stability and ignition quality of fuel. The extent of unsaturation of FAEE which makes it susceptible to oxidation during storage can be reduced easily by partial catalytic hydrogenation of the oil or by adding suitable synthetic anti-oxidants [25] .
Fuel Properties of Ethyl Esters
The fuel properties of waste cooking oil ethyl esters were compared with camelina and palm oil derived ethyl esters and respective testing methods are given in Table 2 . Most of the fuel properties of ethyl esters are comparable to that of ASTM biodiesel standards [26] . The viscosity of ethyl esters produced was comparable to regular diesel viscosity. Hence, no hardware modifications are required for handling this fuel in existing engines. The estimated cetane numbers were found to be higher than ASTM biodiesel standards. A higher cetane number indicates a good ignition quality of fuel. In a particular diesel engine, higher cetane fuels will have shorter ignition delay periods than lower cetane fuels. The fluidity of fuel in an engine is a crucial factor to ensure its efficient performance. The freezing point of biodiesel fuel increases with increasing carbon atoms in the carbon chain and decreases with increasing double bonds [27] [28] . The pour point of WEE was determines as 7˚C. This pour point might give rise to low running problems in the cold season, which could be overcome by the addition of suitable pour point depressants, flow improvers, paraffin inhibitor, or by blending with diesel oil.
Conclusion
Transesterification of waste cooking oils at supercritical ethanol conditions with hexane as co-solvent was demonstrated to yield high quantity and high purity biodiesel fuel in shorter reaction time. A maximum yield of 88% was obtained for the ethyl ester production. The optimum conditions for the production of waste cooking oil ethyl esters were 300˚C reaction temperature, reaction time of 20 min, ethanol/oil molar ratio of 40:1 and co-solvent (hexane) to oil ratio of 0.2% (v/v). The fuel properties of biodiesel produced from this feedstock meet the ASTM biodiesel standards and are comparable to those of the regular diesel fuels. So, this fuel can be directly used in vehicles with minimal or no modifications to the engine. This transesterification route greatly simplifies the downstream processes and leads to a substantial cost saving in biodiesel production. The use of green solvent (ethanol) makes the process sustainable and renewable.
